Small heat shock proteins (sHSPs) help to maintain protein homeostasis by interacting with unfolded, aggregated or misfolded proteins to prevent cell damage [1] [2] [3] . The ATP-independent chaperone αB-crystallin (αB, 20 kDa, 175 residues) is a paradigm example 4 . αB was originally found in the eye-lens as the B-subunit of α-crystallin, a protein essential for maintaining eye-lens transparency. In recent years, the list of biological roles for αB has grown substantially, including involvement in the regulation of the ubiquitin-proteasome pathway as well as apoptosis 5 . Dysfunctions of αB in humans are associated with the occurrence of neurodegenerative diseases like Alzheimer's disease, Alexander's disease, myopathies and cataracts 6-11 . In the brain of patients with Alexander's disease, the insoluble cell fraction contains protein fibers (Rosenthal fibers) coprecipitated with αB phosphorylated at Ser59, whereas unphosphorylated αB remains in the soluble fraction 7 . A missense mutation, R120G, in αB is associated with desmin-related cardiomyopathy 8, 9 . The mutations D140N and Q151X are associated with congenital cataracts and myopathy, respectively 10, 11 . A decreased concentration of αB in the cerebrospinal fluid was found to be associated with multiple sclerosis; therapeutic application of αB was shown to reverse the typical symptoms in mice by an involvement in the regulation of caspase 3 levels in the apoptotic pathway 12, 13 . Hypoxia, a condition often found in diseased states that include cancer and ischemia, induces the overexpression of αB 14 . Hypoxia is accompanied by acidosis, and it has been shown that αB binds cardiac-muscle proteins such as desmin and titin more tightly at acidic pH, presumably to confer protection to these proteins under conditions of cardiac ischemia 14 .
Small heat shock proteins (sHSPs) help to maintain protein homeostasis by interacting with unfolded, aggregated or misfolded proteins to prevent cell damage [1] [2] [3] . The ATP-independent chaperone αB-crystallin (αB, 20 kDa, 175 residues) is a paradigm example 4 . αB was originally found in the eye-lens as the B-subunit of α-crystallin, a protein essential for maintaining eye-lens transparency. In recent years, the list of biological roles for αB has grown substantially, including involvement in the regulation of the ubiquitin-proteasome pathway as well as apoptosis 5 . Dysfunctions of αB in humans are associated with the occurrence of neurodegenerative diseases like Alzheimer's disease, Alexander's disease, myopathies and cataracts [6] [7] [8] [9] [10] [11] . In the brain of patients with Alexander's disease, the insoluble cell fraction contains protein fibers (Rosenthal fibers) coprecipitated with αB phosphorylated at Ser59, whereas unphosphorylated αB remains in the soluble fraction 7 . A missense mutation, R120G, in αB is associated with desmin-related cardiomyopathy 8, 9 . The mutations D140N and Q151X are associated with congenital cataracts and myopathy, respectively 10, 11 . A decreased concentration of αB in the cerebrospinal fluid was found to be associated with multiple sclerosis; therapeutic application of αB was shown to reverse the typical symptoms in mice by an involvement in the regulation of caspase 3 levels in the apoptotic pathway 12, 13 . Hypoxia, a condition often found in diseased states that include cancer and ischemia, induces the overexpression of αB 14 . Hypoxia is accompanied by acidosis, and it has been shown that αB binds cardiac-muscle proteins such as desmin and titin more tightly at acidic pH, presumably to confer protection to these proteins under conditions of cardiac ischemia 14 .
As is common for most sHSPs, αB is a polydisperse, supramolecular complex with a variable number of subunits (~24-32) (ref. 15 ) whose inherent dynamics is an important feature and prerequisite of its function. For decades, high-resolution structural studies on functional, full-length αB and mammalian sHSPs in general have been confounded by this polydisperse nature. αB contains a conserved, ~90-residue α-crystallin domain with an immunoglobulin fold, flanked by variable N-and C-terminal extensions. Intermolecular interactions of the N and C termini with the α-crystallin domain are responsible for the formation of the higher-order oligomers 16 . The segment containing the phosphorylation site Ser59 (Ser59-Trp60-Phe61), for example, was found to alter the oligomerization behavior if mutated or inverted 17 . Crystal structures of monodisperse sHSPs (Supplementary Figs. 1a,b and 2 ) and, after deposition of these coordinates, structures of short constructs comprising the conserved α-crystallin domain of rat HSP20 obtained at pH 6.5 and human αB obtained at pH 9.0 became available [18] [19] [20] [21] . In most of these structures, the α-crystallin domain forms a dimer of 7-stranded β-sandwiches (β2-β9). From previous NMR studies, it is known that residues 64-152 of αB form a 6-stranded β-sandwich and a dimer interface comprised of an antiparallel arrangement of the long β6+7 strands from two protomers 22 . Electron spin resonance (EPR) analysis using spin labels had given a preliminary indication of this type of arrangement in the dimer interface as well 23 . First indications of the oligomer structure came from electron microscopy studies, which showed that αB has a variable quaternary structure with a roughly spherical shape and a central cavity 24 . More recently, single-particle reconstruction from negative-stain electron microscopy at 20-Å resolution showed that a dominant population of αB forms a hollow sphere-like particle with 24 subunits and tetrahedral symmetry 25 .
Here, we have performed structural investigations on human fulllength αB-crystallin (HspB5) using a combination of magic angle 1 0 3 8 VOLUME 17 NUMBER 9 SEPTEMBER 2010 nAture structurAl & moleculAr biology A r t i c l e s spinning (MAS) solid-state NMR, small-angle X-ray scattering (SAXS) and computational methods to determine the structure of the α-crystallin domain dimer within αB oligomers at pH 7.5 as well as its intersubunit interactions involving parts of the N-and C-terminal regions. The C-terminal residues Arg157-Arg163, including the IXI motif, bind into a presumed substrate binding groove, suggesting an autoinhibitory function. NMR spectra reveal a modulation of this interaction by pH changes, providing a structural mechanism for the known pH-dependent activation of αB.
RESULTS

Atomic-level structure of the homodimeric -crystallin domain
We performed the MAS NMR investigations on full-length human αB ( Fig. 1a and Supplementary Fig. 2 ) precipitated by PEG at pH 7.5. Initial solution-and solid-state NMR studies provided resonance assignments for the α-crystallin domain and parts of the C terminus, defining the secondary structure 22 (Supplementary Fig. 2 ). We expanded resonance assignments to 139 of 175 residues using a novel assignment procedure 26 (BMRB 16391). NMR spectra collected at pH 7.5 reveal a structurally homogeneous part of the protein comprising α-crystallin domain residues 71-150, with the exception of Ser76, Val77 and Asn78 in the β3 strand, which each show two backbone 15 N signals. We performed structure calculations 27, 28 for residues 69-150 using 540 inter-residue NMR-derived distance restraints per protomer ( Table 1 and Supplementary Table 1) . We obtained structure-defining restraints from a variety of spectra (see Supplementary  Table 2 ). Intramolecular Cα-Cα and Hα-Hα correlations define the topology of two antiparallel β-sheets, β3-β9-β8 and β4-β5-β6+7 (Supplementary Fig. 3) . We obtained the Cα-Cα restraints from 3D NCACX spectra 29 of 13 C/ 15 N-labeled αB made from 1,3-and 2-[ 13 C]-labeled glycerol (Supplementary Fig. 3.) and the Hα-Hα restraints from CHHC spectra 30 , using a sample containing 20% 13 C/ 15 N-labeled and 80% unlabeled protein, using deuteration at the exchangeable sites to suppress sequential transfer. The homodimer is unambiguously defined by 26 intermolecular correlations derived from oligomers prepared from mixtures of differently labeled αB, using either 2-[ 13 C]-or 1,3-[ 13 C]-labeled glycerol and 14 NH 4 Cl for expression mixed with αB made from 13 C-depleted glucose and 15 NH 4 Cl (Supplementary Fig. 3 ). All 13 C-15 N cross-peaks observed in spectra recorded from these samples reflect intermolecular correlations. The dimer interface is comprised of the antiparallel β6+7 strands from each protomer, with Glu117 adjacent to the two-fold axis. This topology is consistent with solution NMR data from the homodimeric αB10.1 construct (residues 64-152) 22 .
The calculations yielded a curved dimer of the α-crystallin domain β-sandwich as the recurring building block of the oligomer (PDB 2KLR). The dimer is shown in Figure 1b -d together with interdimer interactions involving residues 59-61 (β2a) and 157-163 (IXI motif). The backbone r.m.s. deviation for the ten lowest-energy structures in the ensemble is 1.36 Å for the dimer (0.87 Å if only the secondary structure is considered) and 1.14 Å when superposing monomers ( Table 1 and Supplementary Table 1) . A distinctive feature of the dimer is its curvature, with an average angle of ~121° between the two β4-β5-β6+7 planes (Fig. 2a) . The concave face is notable for its network of ionic interactions, especially across the dimer interface (Fig. 2b) . In particular, the residue pairs Glu99-His119 and Glu117-His101 form potentially pH-dependent electrostatic interactions on both sides of the dimer interface that may contribute to the observed curvature (Fig. 2b) . Intermolecular cation-π interactions between Phe118 and Arg116′, identified using the program CAPTURE 31 , may contribute to dimer stability. The 
A r t i c l e s
Hsp20 α-crystallin domain has a similar array of histidines and glutamates and is curved in a crystal structure solved at pH 6.5 (ref. 21) (Fig. 2c,d ). In contrast, an X-ray structure of the human αB α-crystallin domain determined at pH 9.0 is virtually flat 21 , implying a pH dependence for this feature. A key difference between our curved dimer and the flat dimer observed at pH 9.0 involves Arg107, which forms a salt bridge across the dimer interface with Asp80′ ( Fig. 1d) , whereas in the X-ray structure 21 (PDB 2WJ7), Arg107 forms an intramolecular salt bridge with Glu88. The curved shape of the dimer is consistent with SAXS data obtained on the excised α-crystallin domain dimer αB10.1 Supplementary Fig. 4 ).
Monomers from the X-ray structures of isolated mammalian α-crystallin domains 21 (PDB 2WJ7 and 2WJ5) superimpose with high accuracy (r.m.s. deviation 1.4 Å, Supplementary Fig. 1c) , except for the tip of the loop connecting β5 and β6+7.
Intermolecular contacts within B oligomers
The MAS NMR spectra contain multiple NMR signals, indicating diverse environments, for the putative β2 strand observed in other sHSPs, which we instead call heterogeneity region 1 (HR1, residues Glu67-Leu70) 22 . We could not extract a consistent set of long-range restraints for HR1. In a recent X-ray structure of the α-crystallin domain from αB 21 , two of five protomers in the unit cell contain a β2 strand that aligns antiparallel to β3 of the same protomer. In our spectra, residues that precede HR1 (Ser59, Trp60, and Phe61) show intermolecular contacts to β3 (see Supplementary Fig. 3f,h ), indicating a 'β2a' strand that is involved in the formation of quaternary structure. At opposite edges of the dimer, a putative substrate binding site 32, 33 formed by the groove between β4 and β8 contains small pockets that can accommodate aliphatic side chains (Fig. 3a) . Indeed, the NMR data reveal intermolecular contacts between the IXI motif (Ile159-Pro160-Ile161) and residues of β4 and β8 (Leu89-Val93 and Ile133-Ser138; Fig. 3b and Supplementary Fig. 2g ,h). We used 12 intermolecular 13 C-15 N constraints to dock the C-terminal residues to the α-crystallin domain using Sybil (Tripos). In the resulting model, residues Arg157-Arg163 cross the binding site in an extended conformation, with the side chains of Ile159 and Ile161 residing in the two prominent hydrophobic pockets (Fig. 3a) .
Model of a 24-mer B-crystallin oligomer
The approach we have used to determine the structures shown in this study is shown schematically in Supplementary Figure 5 . Using the dimer structure and intermolecular interactions obtained from MAS solid-state NMR and the shape of αB determined from SAXS, interactive modeling with Chimera 34, 35 and energy minimization with XPLOR-NIH 36 allowed us to obtain a structural model of a representative αB oligomer. SAXS data obtained at pH 7.5 for oligomeric αB in solution were used to calculate six bead models, assuming tetrahedral symmetry, consistent with previous electron microscopy studies 25 . χ 2 versus normalized spatial discrepancy plots generated with DAMAVER 37 indicate high similarity among the six reconstructions and a reasonable fit with the experimental SAXS curve (Supplementary Fig. 6a ). We averaged the initial six bead models and transformed them into a volumetric map (Fig. 4a) that has a diameter of 14.5-16 nm. The individual bead models (Supplementary Fig. 6b ) generated using the program A r t i c l e s GASBOR 38 have extrusions emanating from the central body, which we interpret as flexible C-terminal residues 166-175 of the oligomer 39 . In individual models, these extrusions create a maximum diameter D max of 19 nm. The cited range of αB oligomers is 24-32 subunits 15 , and a heterogeneous mixture exists in solution. Reasoning that larger species are assembled by combining fragments of 24-mers, we undertook to model the smallest species. αB 69-175 has been shown to form dimers and trimers 40 , indicating that the N-terminal domain is crucial for the formation of higher-order assemblies. Hence, the C-terminal domain alone is not responsible for the formation of higher-order oligomers. Accordingly, adjacent dimers in the recurring hexameric substructure (Fig. 4 , red and blue) were connected by satisfying the observed C-terminal interactions. Using P 432 symmetry, an oligomer may contain 24 or 48 subunits, with the asymmetric unit being the monomer or the dimer, respectively. Using P 23 symmetry, the symmetry operations allow 12, 24 or 36 subunits in the oligomer, with the smallest asymmetric unit being the monomer, dimer or three monomers (trimer), respectively. We chose P 23 symmetry because of both its congruence with our data (that is, a dimer is the smallest building block) and its agreement with the recently reported electron microscopy structure 25 . We therefore constructed an atomic model of a 24-mer on the basis of the dimer structure, the intermolecular N-and C-terminal interactions observed by NMR and the volumetric data, applying P 23 symmetry (Fig. 4a,b) . We kept the core of each dimeric unit rigid, whereas we considered the loop connecting the α-crystallin domain with the IXI motif, docked in the β4/β8 substrate binding site, to be flexible. An electron density calculated at 20-Å resolution from the resulting molecular oligomer model (Fig. 4b) shows a similar molecular organization to that of the recently reported electron microscopy structure 25 . We consider this solution as one species in a heterogeneous ensemble of oligomers. Variable conformations of the flexible C-terminal extensions (residues Lys166-Lys175) and variable intermolecular interactions may contribute to the observed heterogeneity.
pH-dependent activation of B chaperone function
The activation of cellular protection systems against stress is often associated with a decrease of pH 2, 41 . For example, αB binds cardiacmuscle proteins actin and desmin more strongly at acidic pH, preventing damage to these proteins during cardiac ischemia accompanied by acidification 14 . We investigated the effect of pH on αB and particularly on a substrate binding site between β4 and β8 (Fig. 5a) by NMR and SAXS. In 13 C-13 C correlation spectra collected at pH 7.5 ( Fig. 5b-d (Figs. 3a and 5a) . The radius of gyration (R g ) determined by SAXS is 5.4 nm at pH 7.5 and 6.7 nm at pH 6.5; D max increases from 19 nm at pH 7.5 to 30 nm at pH 6.5 ( Supplementary  Fig. 7a,b) , indicating a substantial change in quaternary structure of the αB oligomer. Such a change may be predominantly due to release of the IXI motif from the β4/β8 site.
Our results provide a structural explanation for the autoinhibitory function of the C-terminal IXI motif and its role in balancing homeostasis of active and inactive binding sites under varying cellular conditions 14 . At physiological pH conditions, the IXI motif binds nearly quantitatively into the substrate binding groove, as indicated by the strong restraints and the single set of chemical shifts observed for Thr132, Thr134, Ile159 and Ile161 at pH 7.5. Thus, hydrophobic substrates must compete with the C terminus for binding, whereas this interaction is modulated at lower pH, very likely exposing a population of binding sites in the oligomer. The role of the IXI motif in regulating the chaperone activity is supported by the effects of mutating both isoleucines (Ile159 and Ile161) to glycine, which substantially Figure 4 Molecular organization of the oligomer. (a) A model of the αB oligomer is shown within the average volumetric map generated from SAXS data. Six bead models calculated using P 23 symmetry with the program GASBOR were averaged using the program DAMAVER. The volumetric data (shown as light gray surface) were generated from the average bead model using the software SITUS 42 . The volumetric SAXS data were fitted with αB homodimers (shown as red and blue ribbons) using P 23 symmetry and NMR-derived intermolecular distance constraints in an energy minimization protocol using the program XPLOR-NIH 36 .
(b) Predicted electronic density map calculated at 20-Å resolution from the molecular oligomer model using the program CHIMERA 34, 35 .
(c) Arrangement of three dimers, connected by their C termini.
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enhances the chaperone activity of αB in vitro 16 , and by the truncation ΔGlu151, which causes myofibrillar myopathies 11 , presumably by generating a constitutively active form with exposed hydrophobic surfaces and without the highly soluble C-terminal tail. Cellular conditions thus modulate the dynamic structure of αB to adjust its functional role according to physiological needs. We have shown that a drop in pH results in observable changes in a substrate binding site of αB. Protein phosphorylation is another way to modulate protein function. Along these lines, the observed intermolecular interactions involving residues Ser59-Trp60-Phe61 (β2a) in one dimer and β3 in another contribute to a structural basis for understanding the effects of phosphorylation at Ser59 (ref. 7) , which is also expected to alter the oligomerization behavior of αB 17 .
DISCUSSION
The polydisperse human αB oligomer has been refractory to structural analysis for decades. Structures have been solved for isolated α-crystallin domains from human αB and rat HSP20 (ref. 21 ) and for three sHSPs that form monodisperse multimers [18] [19] [20] ( Supplementary  Figs. 1a,b and 2 ) and electron spin-label studies have been performed on several sHSPs 23 . These reveal a conserved β-sandwich topology but do not explain the nature of heterogeneity in the native oligomer. Here, application of MAS NMR and SAXS to αB provides four new insights. First, the independently determined MAS NMR structure reveals a highly curved dimer as the fundamental building block of αB oligomers at pH 7.5; an array of histidines and glutamates on the concave face of the dimer may constitute a pH switch that controls the curvature and, ultimately, the quaternary structure (Fig. 2a,b) . Second, experimentally observed distance restraints and chemicalshift changes among residues in the N or C termini and the α-crystallin domain provide atomic-level details of the quaternary structure of αB oligomers and its modulation upon activation. Third, NMR signal heterogeneity observed for residues Ser59-Leu70 indicate multiple environments for this segment within oligomers. Notably, this segment is important for the oligomerization of αB and in the formation of hetero-oligomers with related sHSPs 17 . Fourth, SAXS measurements reveal large increases in both the R g and D max with a drop in pH from 7.5 to 6.5. We propose that release of the C-terminal IXI motif from the substrate binding cleft contributes to the more expanded oligomeric structure, activating αB as a chaperone.
In conclusion, application of solid-state NMR and SAXS has provided high-and intermediate-resolution structural information on a dynamic protein assembly under conditions in which its biological function is known to be modulated. αB's chaperone function is implicated in diseases including multiple sclerosis, cancer, neurodegenerative diseases and cardiomyopathy. These and other diseases are connected to imbalanced protein homeostasis, making the responsible proteins potential therapeutic targets. The ability to obtain structural information on large dynamic protein assemblies while maintaining the ability to control relevant solution conditions such as pH represents a milestone for understanding both the function and dysfunction of sHSPs, in particular αB, and may help to guide future structure-based drug design efforts. supported by European Community-European Molecular Biology Laboratory Hamburg Outstation; Deutsches Elektronen-Synchrotron Hamburg X33 beamline.
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ONLINE METHODS
Sample preparation. αB was expressed, purified and prepared for solid-state NMR measurements as described elsewhere 22 . The sample at pH 6.5 was prepared by adjusting the precipitation buffer 22 to pH 6.5. The two differentially labeled αB samples consisting of 1,3-[ 13 C]-glycerol/ 14 N-or 2-[ 13 C]-glycerol/ 14 N-labeled protomers and 13 C-depleted/ 15 N-labeled protomers were prepared by mixing differently labeled samples in a 1:1 ratio and subsequent denaturation with 6 M guanidinium chloride. The complete unfolding into monomers was confirmed by gel filtration under denaturing conditions. The monomers were refolded in a desalting column to yield αB oligomers made from differentially labeled protomers. The same de-/renaturing procedure was used to prepare oligomers consisting of 20% isotope-labeled protomers and 80% unlabeled protomers. Twodimensional 13 C-13 C correlation spectra of the refolded samples were recorded and carefully compared with spectra of samples prepared according to previous work 22 to confirm that the native state had been regenerated. 45 experiments. Experimental conditions for the solid-state NMR measurements, data processing, analysis, peak picking and determination of dihedral angles were published previously 22 . A CHHC experiment using 50 μs spin-diffusion mixing was recorded on an αB preparation consisting of 20% isotope-labeled protomers and 80% unlabeled protomers to detect intramolecular Cα(i)-Cα(j) correlations in β-sheets. The spectrum was recorded with an initial 1 H-13 C cross-polarization contact time of 1.5 ms. The second ( 13 C-1 H) and third ( 1 H-13 C) cross-polarization contact times were each 50 μs to guarantee one bond 1 H-13 C transfer. A short, 40-μs 1 H spin-diffusion mixing period was used to avoid recoupling of more distant protons than those attached to Cα of residues i and j.
NMR
For cross-polarization, radio-frequency fields of 60 and 70 kHz were used on the 1 H and 13 C channels, respectively. We recorded 384 transients in t 1 with a total indirect acquisition time of ~8 ms. The direct acquisition time was 15 ms.
For detection of intermolecular restraints, 2D 15 N-13 C TEDOR 45 experiments with 5-and 10-ms mixing times and 2D NHHC 30, 43 experiments with 100-and 200-μs 1 H-1 H spin-diffusion mixing times were recorded on both differentially labeled samples. Typical 15 N π-pulse lengths during the TEDOR mixing were 12 μs. Following 15 N evolution during t 1 , a z-filter was used to retain rotor synchronization by compensating for pulse durations and to remove transverse spin components. During t 1 evolution, acquisition and TEDOR-mixing, heteronuclear decoupling at ~87 kHz was performed. The t 1 increment was chosen to match the rotor period of 100 μs. The program SOLARIA 46 was initially used to automatically assign peaks from 2D 13 C-13 C PDSD and 3D 15 N-13 C-13 C NCACX/NCOCX experiments with 60-500 ms spin-diffusion mixing. Automatically generated restraints were used to solve the structure of the α-crystallin domain using the program CNS 1.1 (ref. 47 ) with a molecular dynamics simulated annealing (MDSA) protocol. The α-crystallin domain dimer structure was determined with a MDSA protocol using ARIA 2.2/CNS 1. 2 (refs. 28,48) . Each inter-and intramolecular distance restraint was duplicated to reflect the dimer symmetry. Noncrystallographic symmetry restraints were applied during the MDSA protocol to minimize the r.m.s. deviation between atomic coordinates of each monomer. Inter-and intramolecular distance and dihedral-angle restraints were applied to calculate 200 conformers.
The number of steps for the cartesian cooling stage of the simulated annealing was 90,000. The ten lowest-energy conformers were refined in a shell of water molecules 49 . The structural quality of the final ensemble of dimeric structures was analyzed with PROCHECK 50 , WHATIF 51 and PSVS 52 and is summarized in Table 1 and Supplementary Table 1. Small-angle X-ray scattering. SAXS data of αB and αB10.1 were recorded at the X33 beamline (Deutsches Elektronen-Synchrotron) at the European Molecular Biology Laboratory Hamburg and the National Accelerator Laboratory at Stanford University, respectively. Eight concentrations from 0.1 mg ml −1 to 12.6 mg ml −1 at pH 7.5 and three concentrations from 1.2 mg ml −1 to 12.6 mg ml −1 at pH 6.5 were measured for αB. The low-angle region of the SAXS profile at low concentration was merged with the high-angle region of the high-concentration profile to compensate for interparticle repulsion. The Guinier plot of data measured at pH 6.5 shows characteristics typical of aggregation and/or changes in multimerization state 53, 54 at low concentrations. Therefore, we did not attempt an ab initio model reconstruction. SAXS data of αB10.1 at pH 7.5 were measured at five concentrations from 1 mg ml −1 to 24 mg ml −1 . The SAXS data were processed using the ATSAS software suite 55 . The radius of gyration (R g ) was measured using the program PRIMUS 55 , and D max was determined from the pair distribution function P(r) calculated using GNOM 55 . Six bead models were calculated with GASBOR and averaged with the program suite DAMAVER. The averaged bead model was transformed into volumetric data using the software SITUS 42 . The SAXS profile of αB10.1 was used for fitting dimer structures from X-ray crystallography and solid-state NMR using CRYSOL from the ATSAS software suite.
Oligomer modeling. Twelve copies of the αB-crystallin dimeric NMR structure were placed in the volumetric map by visual inspection. The fit to the density was further improved by using the software Chimera 34, 35 . A semirigid molecular dynamics protocol was then performed with XPLOR-NIH 36 to remove intermolecular clashes and ensure tetrahedral symmetry. A combination of noncrystallographic symmetry and distance-symmetry restraints 56 was applied to impose rotational symmetry around the three two-fold and four three-fold axes.
Figures of molecular structures were prepared using the software Chimera 34, 35 .
